**Abbreviations:** BA, biliary atresia; CBD, common bile duct; CMV, cytomegalovirus; IFN, interferon; LTx, liver transplantation; PCR, polymerase chain reaction; RRV, rhesus rotavirus.

Introduction {#j_iss-2018-0009_s_001}
============

Neonatal jaundice is a common phenomenon that occurs in approximately 50% of newborns. The process starts with yellowing of the sclera and skin; however, in the majority of cases, the symptoms rapidly subside until full health returns. However, a small number of newborns remain cholestatic, and several rare pediatric liver diseases hide behind this unspecific symptom. In those cases, the fact that the patient may be suffering from one or more of the numerous neonatal liver diseases needs to be taken into consideration. Many of these diseases are relatively harmless and resolve spontaneously or after appropriate therapy. However, some hereditary liver diseases present with early symptoms and require lifelong medical assistance and care. In some cases, liver transplantation (LTx) is the only option for survival \[[@j_iss-2018-0009_ref_001]\], \[[@j_iss-2018-0009_ref_002]\]. Among these entities, which are all ranked as rare diseases, biliary atresia (BA) is the only condition that requires specific attention in terms of timely diagnosis and treatment. In addition to the clinical signs of hyperbilirubinemia, the color of the stools of these patients become pale, and they stop thriving \[[@j_iss-2018-0009_ref_003]\]. They also exhibit persistent cholestasis, an ongoing inflammatory process that transforms the liver tissue into a state of fibrosis, and liver function deteriorates rapidly. The course of this particular disease destroys the liver of neonates within weeks and months. For this reason, BA is the most frequent indication for LTx in children, although the incidence in the Western world is just 1 in 19,000 live births. The only option for patients with BA to survive with their native liver is to diagnose the problem as early as possible and to perform a hepatoportoenterostomy, which was named after Morio Kasai. The principle of this surgical procedure is based on removal of the atretic extrahepatic bile ducts, meticulous excision of a fibrotic plate in the porta hepatis, and the creation of a particular biliodigestive anastomosis. However, even in the most experienced centers, the mid-term jaundice-free survival of BA patients with their own liver does not exceed 50%, while, in the long-term, about 80% of those affected finally require LTx \[[@j_iss-2018-0009_ref_004]\], \[[@j_iss-2018-0009_ref_005]\].

Besides incomplete screening for BA, belated diagnostics, and inappropriate surgery in some places, the crucial problem is that the etiology of BA remains unknown \[[@j_iss-2018-0009_ref_002]\], \[[@j_iss-2018-0009_ref_006]\]. This problem can be illustrated by the fact that BA is defined as atresia of the extrahepatic bile ducts but is characterized by changes along the intrahepatic and extrahepatic biliary tree. In other words, we use the term "biliary atresia" as an antonym for a non-understood entity. Nevertheless, from the very beginning until today, clinicians and researchers have speculated about the origin, etiology, and pathomechanism of this disease. Historically, BA was thought to be a congenital malformation until Landing presented the hypothesis that BA and other neonatal cholestatic diseases "... are different results or permissible outcomes of a single basic process...." He also assumed that hepatotropic viruses could play a crucial role in this process \[[@j_iss-2018-0009_ref_007]\]. Similar, but rather not as concrete, Perlmutter and Shepherd \[[@j_iss-2018-0009_ref_008]\] proposed that BA is not a single disease but a phenotype of an absolutely different pathomechanism. Simultaneously, a new theory about an autoimmunologically driven course was discussed because similarities between BA and other liver diseases, like autoimmune hepatitis, were observed \[[@j_iss-2018-0009_ref_009]\].

Today, clinical and basic researchers are working hard to identify new ways and directions by which it is possible to access deeper insights into the origin of this obscure disease. Herein, the hypothesis that hepatotropic viruses might play a crucial role in BA is still favored and, since 1985, approximately 250 papers have been published on this topic. The following discussion presents a summary of the current status of research that has focused on BA in humans and in murine models and, finally, a question about translational validation is raised.

Viruses in human BA {#j_iss-2018-0009_s_002}
===================

A few years after "Landing's theory" was recognized, the first observations describing the sporadic findings of hepatotropic viruses in BA patients were published. Between 1994 and 2005, a total of 11 studies reported 28% positive findings of hepatotropic viruses across a population of 165 patients. The liver specimens of the patients were taken at the moment of the Kasai procedure and, on average, one to two out of eight different viruses were detected by polymerase chain reaction (PCR). The most frequent viruses were human papilloma and parvovirus B19, which were detected in about 15 patients per study \[[@j_iss-2018-0009_ref_010]\], \[[@j_iss-2018-0009_ref_011]\], \[[@j_iss-2018-0009_ref_012]\].

Our research group also ran real-time and nested PCR in liver biopsies; however, we tested for 12 DNA/RNA hepatotropic viruses simultaneously in 74 BA patients. Overall, only 42% of the specimens tested positive for at least one virus, predominantly cytomegalovirus (CMV) and the reovirus. Two different viruses in the same biopsy were detected in five patients, which seems to imply that this could represent a secondary infection. In 59 biopsies of the same series, we looked for Mx-A by immunohistochemistry, which is a strong indicator of previous or active viral infections. We found that 92% of the specimens were Mx-A positive ([Figure 1](#j_iss-2018-0009_fig_001){ref-type="fig"}), while PCR revealed reovirus, CMV, and enterovirus in only 30% of the cases. From this study, we concluded that PCR studies in liver biopsies come late when they are performed at the moment of the Kasai procedure \[[@j_iss-2018-0009_ref_013]\]. No study has generated sufficient evidence about the etiological role of hepatotropic viruses in BA. In other words, it was impossible to distinguish between primary and potentially etiologically relevant and secondarily acquired infections. However, we learned that Mx-A protein along the bile ducts, in hepatocytes, and in endothelial cells can be seen as a footprint of a viral infection, even when the virus itself is not measurable.

![Immunostaining for Mx-A protein of a liver biopsy taken at the Kasai procedure.\
Positive findings in hepatocytes (asterisk), bile ducts (arrows), and endothelial cells (diamond).](iss-3-20180009-g001){#j_iss-2018-0009_fig_001}

Our decision to suspend performing PCR in BA liver biopsies was confirmed by a review that was performed by Saito et al. in 2015. They concluded: "Although a considerable number of PCR studies have sought to clarify a viral role in the pathogenesis of BA..., the findings... have not succeeded in achieving an obvious differentiation between causative and accidental infection...." \[[@j_iss-2018-0009_ref_014]\]. In the future, new techniques in genetic engineering may enhance the understanding of this important issue.

Viruses in murine BA {#j_iss-2018-0009_s_003}
====================

Viral-induced cholestasis in mice was first reported by Phillips et al. \[[@j_iss-2018-0009_ref_015]\]. Newborn pups from different mouse strains were intraperitoneally inoculated with reoviruses. All these studies were able to induce inflammation of the liver and bile ducts with consequent jaundice; however, they failed to simulate the pattern of human BA \[[@j_iss-2018-0009_ref_016]\], \[[@j_iss-2018-0009_ref_017]\], \[[@j_iss-2018-0009_ref_018]\].

The turning point was reached when newborn Balb/c mice were infected with rhesus rotavirus (RRV) and then developed BA-like obstruction of the extrahepatic bile ducts. Riepenhoff-Talty et al. \[[@j_iss-2018-0009_ref_019]\] orally inoculated 2-day-old mice with simian RRV. Half of the RRV-infected pups developed cholestasis, and most died within 3 weeks. Dissection of the diseased pups revealed an obstruction of the common bile duct (CBD) and BA-like changes in the liver, e.g. inflammatory infiltrates and bile duct proliferation. Our BA research group modified the study design and injected RRV intraperitoneally between 24 and 48 h of life, with about 60% of the affected Balb/c pups showing jaundice, alcoholic stool, and the oily fur syndrome. Minimal weight gain of the affected pups occurred by day 14, while recovering animals put on weight and showed normalized clinical symptoms. Dissection beyond day 14 of RRV infection showed a spotted surface of the liver, edema of the hepatobiliary ligament, and long- and short-distance atresias of the CBD with or without hydrops of the gallbladder \[[@j_iss-2018-0009_ref_020]\], \[[@j_iss-2018-0009_ref_021]\]. Lymphocyte infiltration was observed in expanded portal triads, with bile duct proliferation that also resembled the features of human BA. However, even in 3-week-old pups, resultant liver fibrosis was uncommon, which represents a crucial difference between murine BA and human BA \[[@j_iss-2018-0009_ref_022]\], \[[@j_iss-2018-0009_ref_023]\].

The three key variables in this particular model are the mouse strain, time of infection, and virus dosage. Thus, the occurrence of BA is associated with early postnatal infection but is inversely related to the infective viral dosage. Prenatal infection does not induce jaundice but prevents the offspring from developing cholestasis after postnatal RRV infection. It can be summarized as follows: Balb/c mice are the most susceptible mouse strain, high dosage of RRV is still the only known agent that induces definite atresia of the extrahepatic bile ducts, and the first 24 h postpartum is the optimal time point for intraperitoneal injection of the virus ([Figure 2](#j_iss-2018-0009_fig_002){ref-type="fig"}). The versatility of the model is somewhat limited, as sequential investigations cannot be performed in the same animal. Diseased pups are extremely unstable and too small for repetitive biopsies or blood sampling. To try to overcome this, groups of mice are usually scheduled for sacrifice \[[@j_iss-2018-0009_ref_024]\], \[[@j_iss-2018-0009_ref_025]\], \[[@j_iss-2018-0009_ref_026]\], \[[@j_iss-2018-0009_ref_027]\].

![Schematic network of the RRV-Balb/c mouse model for BA.](iss-3-20180009-g002){#j_iss-2018-0009_fig_002}

In the liver of jaundiced mice, a significant virus load peak is observed at day 7 after infection. However, in most pups, the virus is cleared from the liver by day 14, although the cellular and humoral immune responses persist \[[@j_iss-2018-0009_ref_028]\]. The innate immune system concentrates natural killer cells around bile ducts, and antigen-presenting cells induce a T-cell-mediated immune response. Interferons (IFNs) seem to play a crucial role in the murine BA model because Mx protein, which is an IFN type I-specific indicator, persists in the hepatocytes, bile ducts, and intrahepatic endothelial cells of cholestatic mice beyond the second week of RRV infection \[[@j_iss-2018-0009_ref_029]\].

Apoptosis has been shown by terminal deoxynucleotidyl transferase dUTP nick end labeling assay and mRNA expression for caspase 1 and 4 with a peak at day 7 in the liver and extrahepatic bile ducts. However, it is still unclear whether apoptosis is part of the clearing mechanism after viral infection or, rather, demonstrates the hyper-responsiveness of immature immunity. Regulatory T cells may play a pivotal role, as they seem to be involved in the determination of autoimmune processes. They are absent in newborn mice and become activated during the first week of life. A first attempt to substitute regulatory T cells in the mouse model reduced the incidence of BA and shifted the focus to natural killer cells \[[@j_iss-2018-0009_ref_030]\], \[[@j_iss-2018-0009_ref_031]\], \[[@j_iss-2018-0009_ref_032]\], \[[@j_iss-2018-0009_ref_033]\], \[[@j_iss-2018-0009_ref_034]\], \[[@j_iss-2018-0009_ref_035]\], \[[@j_iss-2018-0009_ref_036]\], \[[@j_iss-2018-0009_ref_037]\].

It is possible to attenuate the destructive process of experimental BA. For instance, repeated administration of IFN in pups, starting individually at the onset of jaundice, was curative \[[@j_iss-2018-0009_ref_038]\], \[[@j_iss-2018-0009_ref_039]\]. It is not clear whether this boosts the clearance of the virus or if IFN modulates the immune response. Immunization of dams with RRV before mating and during pregnancy also protects their offspring from developing cholestasis and BA \[[@j_iss-2018-0009_ref_040]\]. These preliminary results are far from ready for clinical application in humans; however, they do open the door to prophylactic strategies in BA research.

Translational research in BA {#j_iss-2018-0009_s_004}
============================

Taking into consideration the fact that the etiology and early pathomechanism of BA in babies is still unknown, and ongoing fibrosis of the liver and consecutive sequelae of portal hypertension cannot be reproduced in the artificial BA mouse model, it remains debatable whether this particular animal model is suitable for translational research in BA. As shown in [Figure 3](#j_iss-2018-0009_fig_003){ref-type="fig"}, there is a time mismatch between the course of the human and the murine disease in terms of the starting point of the inflammatory process that finally leads to BA. It cannot be determined because the onset of the disease is always hidden behind the unspecific symptoms of neonatal cholestasis. Moreover, as far as BA is defined as irreversible fibrotic changes of the extrahepatic bile ducts, our observation period in humans starts shortly before or at the moment of the Kasai procedure. In other words, the triggering agent and the immune response of the early phase cannot be retraced and remains unclear. However, this exact period is subject to basic research in the murine BA model. Hence, the crucial point is whether findings in the animal model can be translated to the human disease to elucidate its unperceivable early course ([Figure 3](#j_iss-2018-0009_fig_003){ref-type="fig"}).

![Timeline of BA in humans and RRV-induced BA-like symptoms in mice.\
While RRV induces BA-like symptoms in mice, the trigger for BA in humans is still unknown. All individuals develop liver fibrosis. The difference is that in the animal model, all pups die until day 21 after RRV inoculation, whereas in most infants with BA, biliary drainage is restored after Kasai-portoenterostomy and the ongoing deterioration of the liver function can be slowed or stopped. The question remains as to whether findings of the early period in the animal model can be transferred to the still unobservable early phase of BA in newborns.](iss-3-20180009-g003){#j_iss-2018-0009_fig_003}

According to the individual point of view, this issue remains controversial. Critics argue that the animal model only resembles human BA because mid- and long-term courses, including liver cirrhosis and its clinical sequelae, cannot be simulated in diseased mice. However, we and other research groups argue that the correspondence of BA and BA-like changes between "mice and men" is so strong that continuation of this approach is definitely justified. Furthermore, we are actively working on a concept that makes longer survival of diseased pups possible and through which we can observe the ongoing process of artificially induced BA.

In conclusion, as long as no other BA animal model is available, we and other international research groups will continue working with the RRV-Balb/c mouse model and remain optimistic that we will gradually shed more light on the etiology of this obscure disease.
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